Introduction
Thermal analysis is involved in almost every kind of physical processes and it can be the limiting factor for many processes. Therefore, its study is of vital importance, and the need for powerful thermal analysis tools is virtually universal. Furthermore, thermal effects often appear together with, or as a result of, other physical phenomena.
The modeling of thermal effects has become increasingly important in product design including areas such as electronics, automotive, aerospace, railway (e. g. wheel and  rail rolling contact, braking systems and so on), medical industries, etc. Computer simulation has allowed engineers and researchers to optimize process efficiency and explore new designs, while at the same time reduce costly experimental trials.
The finite element method (FEM) has become the preferred method in performing thermal analysis on many systems and processes in recent years [1] . There is a statement that thermal analysis is mostly performed using the finite element method, as this method has become a powerful tool for the numerical solutions of a wide range of engineering problems and dominates the methods of analysis [2] . With the advances in computer technology and Computer Aided Design (CAD) systems, complex problems can be modeled relatively simply.
A FEA thermal analysis is a finite element analysis that looks at how heat affects certain materials and engineering designs. This heat can come in the form of an environmental load such as an ambient temperature of a certain degree affecting a model, or due to friction in a system, effectively converting it into thermal energy. It can also come from processes of conduction through two solids, convection between a liquid and a solid, or radiation such as in space. A thermal analysis is a great way to test a model before the model is built and real world tested in a thermal chamber. It can reduce the time to test a design by weeks, allowing for several redesigns and improvements to be made in the meantime.
Precise prediction of the maximum temperature is needed for the design of many systems [3] , as well as braking systems [4] , especially for both discs and linings. How to handle the high speed spinning of discs is the point of the heat/structure coupled analyses [5] .
Transient thermal analyses determine temperatures and other thermal quantities that vary over time. The variation of temperature distribution over time is of interest in many applications such as cooling of electronic packages [6] or quenching analysis for heat treatment [7] . Also of interest are the temperature distribution results in thermal stresses that can cause failure [8] . In such cases, the temperatures from a transient thermal analysis are used as inputs to a structural analysis for thermal stress evaluations [9] . Heat generation controlling is a prerequisite for qualitative weld creation during the friction stir welding process, and it is important to have an adequate mathematical model that is capable of estimating heat generation with satisfying accuracy [10] .
Thermal analysis is the primary stage in the study of braking systems, because the temperature determines the thermomechanical behavior of the structure. In the braking phase, kinetic energy transforms into thermal energy, resulting in intense heating of the railway wheel. This generates stresses and deformations, whose consequences are manifested by the appearance and the accentuation of cracks on treads of wheel, and eventually fractures of the whole wheel [11] .
In recent years, many researches have been done on possibilities of predicting the thermal overload based on the characteristics of trains and rail-roads, especially on long-term braking on down-grade railroads on which trains run. Having concluded their research [12] [13] [14] [15] , the European Rail Research Institute ERRI proposed a valuation procedure, with the ultimate goal of making a decision on taking special measures to prevent the occurrence of thermal overload. This implies the application of the regulation, alternating brake or other measures, related to regime change and drive train formation. However, the proposed procedure, which involves calculating the coefficient for the particular estimation, does not provide an efficient and reliable use in all potential cases, particularly those relating to the long-term braking of the train at a very long fall with the changing slope. Therefore, the S583 research for the improvement of the thermal overload assessment process continues. Preliminary works in this area have pointed out the problem of insufficient accuracy of the estimation coefficient. That was specifically expressed in conditions of running trains on Serbian railways with long fall parts (e. g. railway Belgrade-Bar) [16, 17] .
Many research results have confirmed the dominant influence of thermal loads in regard to mechanical loads [12, 14, [18] [19] [20] and residual stresses induced by high thermal loads in block-braked solid wheel have been registered [21, 22] . Therefore, it is important to determine with high precision the temperature field of the braking system, as well as to emphasize that high thermal loads, in other words, overloads, of wheel very often occur as a result of long-term braking on down-grade railroads or unwanted locking of wheels. Those are the main goals of this paper which presents the results of a thermal analysis of a braking system of railway vehicles using analytical and numerical modeling of thermal effects during long-term braking for maintaining a constant speed on a down-grade railroad in order to analyze damages of solid wheels braked by blocks, especially on railway vehicles of national railway operator Serbian Railways.
Analytical modeling of thermal effects of a braking system of railway vehicles
To simulate a process of braking of railway vehicles it is necessary to define an analytical model of a thermal analysis that describes the heating transfer of the heat generated by friction at surfaces which are in contact, between a railway wheel and braking blocks, through the wheel and blocks, as well as heat outflow of the whole braking system due to cooling of the surrounding air. For those purposes, an analytical model for analyzing thermal effects in braking systems of passenger cars [23] was utilized and its adopted procedure is presented in this paper for a braking system of railway vehicles.
The thermal analysis of the braking system of railway vehicles requires a precise determination of the quantity of heat produced by friction, as well as the distribution of this energy between the railway wheel and the braking blocks. When the braking process occurs, blocks and railway wheel are in a sliding contact. The resulting force resists the movement so the train slows down or eventually stops. The friction between the wheel and blocks always opposes motion and the heat is generated due to conversion of the kinetic energy. However, the whole braking system is exposed to the enlarged air flow for high speed braking and the heat is dissipated.
The heat flux evacuated of surfaces in contact (between blocks and railway wheel) is equal to the power friction. The heat power generated per unit contact area at the radius r of the wheel can be calculated by the following equation:
where f f is the friction force per unit contact area, and ω is the angular velocity of the railway wheel. In the following considerations, it is not the case of where the wheel rotates, but of the heat source.
The friction force per unit contact area can be calculated as:
where μ is the friction coefficient, F N is the normal braking force on one of the braking blocks, and A is the area of the contact surface between one braking block and the railway wheel. The wheel and blocks dissipate the heat produced at the boundary between the braking blocks and the wheel by convection and radiation. The model also includes heat conduction through the blocks and the wheel by the transient heat transfer equation:
where for materials of the wheel and the blocks  is the density, k represents the thermal conductivity, C p is the specific heat capacity, u is the velocity field, and Q is the heating power per unit volume, which in this case is set to zero. The velocity field u involves all the points on the wheel with their local velocities of the heat transfer:
where r  is the position vector of the considered point.
At the contact surface between the wheel and the blocks, the braking process produces heat according to expression (1) . The heat dissipation from the free surfaces of the wheel and blocks to the surrounding air is described by both convection and radiation:
In this equation, h equals the convective film coefficient, ε is the material's emissivity, σ is the Stefan-Boltzmann constant (5.67·10 
Here, material properties: thermal conductivity k a , density ρ a , viscosity μ va and specific heat capacity C pa , are given for the surrounding air.
Numerical modeling of thermal effects of a braking system of railway vehicles
As stated in the Introduction, high thermal loads of railway wheels very often occur as a result of a long-term braking for the maintenance of constant train velocity on down-grade railroads. For analyzing the process of braking, it is very useful to use FEM simulations based on the adopted and presented analytical model for defining heat sources at surfaces which are in contact with blocks, and to define the simultaneous heat inflow from friction (a part of heat transferred to the wheel rim) and heat outflow due to cooling at the segments of the surface, which are not in contact. In COMSOL Multiphysics the Heat Transfer Module (Heat Transfer in Solids) is used to carry out transient thermal analysis. The Module supports all fundamental mechanisms including conductive, convective and radiative heat transfer. Using the physics interfaces in this Module along with the inherent multiphysics capabilities of COMSOL Multiphysics, the transient thermal analysis was preformed, and the temperature fields of a railway wheel during long-term braking with different braking conditions were determined.
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The thermal analysis was performed for braking a 444 class locomotive of the national railway operator Serbian Railways, that ran with three different velocities (20 km/h, 40 km/h and 60 km/h). The duration of the braking was t=300 s for all cases. For each braking, there were two regimes, with low (3.36·10
5 Pa) and high pressure (7·10 5 Pa) in the braking cylinders. That made, in total, 6 different cases of braking that were analyzed. In the low pressure regime of braking, the normal braking force on one braking block was F N = 20379 N and, with the high pressure, the normal braking force was F N = 37162 N. These forces were introduced in the analysis throughout equations (1) and (2) . The intermediate radius for the chosen locomotive wheel was r =625 mm, the contact surface area between the braking block and the wheel was A = 19577 mm 2 . The coefficient of friction has significant effects on the form of the thermal field, as well as on temperature distribution. The proper definition of the coefficient of friction is very important for perception of temperature field qualities for analyzing thermal effects in braking systems at locomotives wheels. The value of the coefficient of friction depends on a number of tribological parameters such as speed of relative movement of parts in contact, the contact surface roughness, quality of materials of a tribo-pair, temperature of contact pars and so on [24, 25] . However, this paper did not consider tribological parameters of braking processes so the value  = 0.115 of the friction coefficient for materials of the block and the wheel was taken as the recommended value [26] . Moreover, the included computation did not take into consideration the dependence of wheel and block material characteristics on temperature changes. The numerical modeling of thermal effects was performed according to the following procedure in COMSOL Multiphysics.
Geometrical model
First, the 3-D model of the railway wheel and braking blocks ( fig. 1 ) was created using the software package SolidWorks. The model was than imported in the COMSOL environment. 
Definition of materials
The material of the railway wheel is steel DIN 40Mn4 (AISI 1039, JIS S40C, Č3130) and of the braking blocks is gray cast iron P10. properties of these materials; the density of air at a reference temperature of 300 K was calculated using the ideal gas law. 
Meshing
In the finite element analysis the basic concept is to analyze the structure, which is an assemblage of discrete pieces called elements, which are connected, together at a finite number of points called nodes. A network of these elements is known as a mesh. For this analysis, automatic mesh generating capabilities were used in COMSOL rather than defining the nodes individually ( fig. 2) . The finite elements used for the meshing were Free Tetrahedral. The number of generated elements in the mesh was 68771.
Definition of the boundary conditions
After completion of the finite element model, it was necessary to apply constraints and loads to the model. The analyzed railway wheel with braking blocks was subjected to the following thermal loads:
 Boundary heat source for the surface that was in contact between the wheel and one braking block ( fig. 3) 
Solving
After verification of the model and boundary conditions, the calculation was started for the time of braking t=300 s, in order to maintain a constant train velocity. The time dependent solver was used for solving. The number of degrees of freedom that was solved was 109453. The calculation time was approximately 3 minutes.
Results of thermal analysis of the braking system of the 444 class locomotive
The diagrams of the temperature distribution for the examined wheel of the 444 
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class locomotive of the national railway operator Serbian Railways at the moment t=300 s of the braking process are shown in Figure 4 for the researched different braking regimes. The highest temperatures were reached at the contact surfaces wheel-blocks.
In order to determine the positions of areas with maximal temperatures, it was helpful to plot diagrams of temperature distribution versus time along with the wheel radius. The diagrams are displayed in Figure 5 .
According to diagrams of the temperature distribution ( fig. 4 and 5) , Table 2 is made in order to summarizethe values of maximal temperatures of the points at the wheel rim at the end of the simulation for all examined cases. On the basis of the obtained results it can be concluded that the ratio of maximum temperatures for low and high pressure braking regimes is approximately constant with the mean value of 1.74 (Table 3) . With this derived conclusion, if at a specific locomotive velocity at conditions of the low pressure braking regime the maximum wheel temperature is known, then at the same velocity, under the condition of the high pressure braking regime, the corresponding maximum temperature can be obtained by multiplying the low pressure maximal wheel temperature with the factor of 1.74. The intention of this research is based on the adaptation of a model for analyzing the heat generation in disc brakes of vehicles to the braking conditions of railway vehicles. The use of the adapted model is processed in detail in this paper on a very specific and concrete example of the thermal analysis of a block-braked solid railway wheel of a 444 class locomotive of the national railway operator Serbian Railways, using analytical and numerical modeling of thermal effects during long-term braking for maintaining a constant speed on a down-grade railroad. Obtained computational results of the temperature distribution are by their character very similar to the computational and measurement results published in the report ORE B 169/RP1 [27] , and the calculation and experimental results of the research considering the analyzing of the wheel thermal load during down-grade running on the network line Belgrade-Podgorica [16] . Namely, depending on the position of the brake block in relation to the wheel rim, for equivalent data for the amount of generated heat power and heat transfer coefficients, comparable values for the data of the maximum temperatures at the wheel rim were obtained by analyzing different models of braking. Thus, the calculation for the thermal analysis of a long-term braking for maintaining a constant railway vehicle velocity of v=55 km/h in the report ORE B 169/RP1 [27] , where a wheel with different geometry was analyzed and in which the heat transfer was performed over the entire rim surface of the wheel, that means the entire surface at which the brake block slips, gave the value for the maximum temperature on the rim of the wheel of T310 ºC, while in the national research [16] , where the geometry of the wheel corresponds to the geometry of wheels that are used at national railway vehicles and in which the actual value of the contact surface of the wheel and the brake block was used, however, by using a two-dimensional surface analysis on a simplified model of the radial cross-section of the wheel with the adopted axisymmetric propagation of the heat, gave the value of T~350 ºC. These data are comparable with the value of the maximum temperature T430 ºC which was reported in this paper obtained by using the thermal analysis of the volumetric three-dimensional model for a longterm braking for maintaining a constant railway vehicle velocity of v=60 km/h. This can verify the methodology of the proposed calculations and usage of the applied software package based on finite element analysis in order to predict the thermal overload of railway vehicles wheels braked by blocks.
Conclusions
The existing models for the estimation of the amount of the heat generated during friction processes assume that the energy delivered to bodies in the frictional (or tribological) contact transforms into heat only due to the friction losses on contact surfaces. However, the real friction heat transformation appears under various and more complex conditions:  bodies at the contact suffer elastic, plastic and/or elastoplastic deformations on contact surfaces as well as under the surface;  during the contact, the roughness of the contact surfaces changes;  main tribological processes: friction, wear and lubrication have mutual influence on each other;  mass transfer, adhesion, cohesion, vibration, sound, microstructure recristalization, chemical reactions, heating, etc. appear at the contact surfaces of bodies, and so on. All mentioned processes consume some of the energy delivered to the moving body in contact and the rest of the energy transforms into heat and dissipates into the bodies in contact and the surrounding.
The recognition of dominant parameters that influence the heat generation process, as well as the estimation of the portion of energy that transforms into heat, is difficult and delicate since all parameters values change almost instantly, as well as the character of the process.
If it is possible to recognize and calculate changing of parameters, such as friction coefficient, contact pressure, thermomechanical properties of bodies in contact (yield strength, heat transfer coefficients etc.), temperature etc., during heat generation due to tribological contact between two bodies precisely enough, then they can be embedded into an analytical model for the estimation of the amount of the generated heat that will give satisfying mathematical modeling results. In this paper we made an effort to analyze a block-braked solid railway wheel of a 444 class locomotive of the national railway operator Serbian Railways, using analytical and numerical modeling of thermal effects during long-term braking for maintaining a constant speed on a down-grade railroad for different velocities and there breaking regimes, with low and high pressure in the braking installation. The intention was to make the contribution in preventing the fracture of solid wheels being braked by brake blocks caused by the thermal overloading because of the hypothesis that thermal loads are the main cause of crack occurrence on wheel rims of railway vehicles on the rail network of Serbian Railways. The presented approach is the basis for the following stress analysis of the appropriate stress states as a consequence of analyzed thermal loads in the simulated operation conditions. This approach could significantly decrease the probability of crack appearance caused by thermal loads. This research can also help to timely discover the conditions for the appearance of these cracks, and it represents the final part of the process of solving problems concerning the solid wheel fracture due to thermal loads.
Modeling of thermal effects of braking systems of railway vehicles (locomotives and wagons) is very important in the designing process of the braking assembly for defining materials, shape of a braking block, contact surfaces, and so on. In addition, modeling can effectively determine the limiting values for the regime of running of trains, which has so far been mostly left to manufacturers of brake equipment to determine by examining the possibility of providing maximum braking efficiency without any thermal analysis. 
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